The processing of acid whey, a by-product of cream cheese making, casein production and strained yogurt manufacture, has been a challenge in the dairy industry. The high lactic acid concentration causes operational problems in downstream spray drying operations due to increased powder stickiness. In this work, electrodialysis, a well proven demineralisation technology is used to remove the lactate ions from acid whey. If the ratio of lactic acid to lactose is to be reduced to the same level found in sweet whey, 80% of the lactate ions must be removed. For both laboratory prepared solutions and acid whey samples, the lactate ions were removed at a slower rate compared to other anions present in the system. Increasing the pH (from pH 4.6 to pH 6) of the feed solution led to a small enhancement in the rate of lactate ions removal at 5°C. No impact was observed, however, at 30 and 45°C where membrane resistance and solution viscosity is lower. To achieve the same level of lactate ion removal, the processing time in a batch process was three times shorter at 45°C, compared to that at 5°C. This means that significantly less membrane area is required in a continuous industrial electrodialysis operation. The energy consumption (~0.014 kWh/kg whey processed) for achieving 90% demineralization of the acid whey was comparable to the energy requirement reported for sweet whey demineralization in a typical commercial electrodialysis unit, illustrating the feasibility of this approach.
INTRODUCTION
Acid whey is a by-product of cream cheese and strained yoghurt manufacture and is also produced from chemical acidification of milk in casein production. This whey stream contains about 20% of the protein (~1 %m/v) and most of the lactose (LT) (~4.4%m/v) from the original input milk [1] . Sweet whey is generated from rennet cheese manufacture, and while similar in composition, acid whey can contain up to 16 times the concentration of lactic acid (LA) to that in sweet whey [1] . Traditionally, sweet whey is further processed to make whey powder, lactose, whey protein concentrate and demineralised whey powder.
One of the essential steps for manufacturing these products is the use of spray dryers. The presence of lactic acid in acid whey prevents a similar process as the acid whey makes the resulting whey powder more susceptible to moisture absorption [2] [3] [4] , due to the hygroscopic nature of the lactate ions [5, 6] and this leads to the formation of powder agglomerates and sticky deposits within the dryer that cannot be tolerated in normal operation. Consequently, acid whey is often used as a stockfeed to neighbouring farms or discharged as effluent, rather than providing a valuable source of protein for human diet consumption.
The formation of these sticky deposits is a function of the proportion of lactose that is present in a crystalline rather than an amorphous phase, which in turn depends upon the glass transition temperature of the powder, relative to the dryer operating temperature. In turn, this glass transition temperature is related to the level of lactic acid present in the feed [5] . For example, the temperature of sticking increases from ~70°C to ~95°C, when the mass ratio of lactic acid to lactose decreases from ~0.2 g LA/g LT in acid whey to ~0.04 g LA/g LT in sweet whey powder [5] .
The effect of lactic acid in the crystallisation process of lactose/protein powders has previously been studied by Saffari and Langrish [7] and Shrestha et al. [2] who used laboratory scale spray drying units. The ratio of LA to LT was found to correlate well with a decline in spray dryer powder recovery and the glass transition temperature of the recovered powder. Typically, by increasing the concentration of lactic acid from ~2 g/l (in sweet whey) to ~6 g/l (in acid whey), the yield of the sprayed dried powder decreased by ~20% [7] . At the same time, the glass transition temperature decreased significantly. Similar trends were reported by Shrestha et al. [2] , who observed that a free flowing powder could be produced only if the lactose solutions contained less than 4.2 g of lactic acid per 100 g lactose. This is equivalent to the ratio of LA/LT in sweet whey.
Therefore, a reduction in lactic acid concentration is necessary before acid whey can be efficiently processed by downstream spray drying unit operations. The neutralization of the lactic acid has been studied as a potential approach to resolve this issue [2, 3] but this approach results in bitter and astringent flavours. Alternatively, electrodialysis has been successfully demonstrated to recover lactic acid from fermentation broths [8, 9] , as well as to demineralise sweet whey prior to whey powder production [10, 11] . This unit operation relies on the transfer of charged species from the diluate (feed) stream to a concentrate stream, through a series of cation and anion selective membranes under a constantly applied electrical potential.
While lactose molecules are uncharged, lactic acid is a weak acid that can dissociate into its conjugate base (a lactate ion, CH 3 CH(OH)COO -) and protons (Equation 1). It is expected that lactose will be retained in the diluate stream while lactate and other charged ions will be transferred to the concentrate, effectively demineralising the acid whey.
The dissociation of lactic acid is given by the Henderson-Hasselbalch equation:
where the of lactic acid at 25°C is 3.86 [12] . The association constant at a different temperature can then be estimated by the following correlation [13] :
Williams et al. [14] patented an electrodialysis approach that used a three compartment stack to reduce the acidity of acid whey for use in ice cream, by neutralisation with caustic solution. Bipolar membranes allow a salt to be split into the corresponding alkali and acid during electrodialysis and this approach has also been used to split salts such as ammonium lactate, formed during fermentation of whey permeate, into lactic acid and ammonium hydroxide [15] . The focus of this prior work with electrodialysis has either been to neutralise the acidity of a whey solution by removing protons, or to provide high purity lactic acid as a product from a high concentration fermentation broth. Conversely, the focus of the present work is the removal of lactate anions at relatively low concentration from a whey solution.
The reduction in the concentration of lactate potentially allows for the processing of acid whey in a similar manner as sweet whey, allowing the proteins and lactose to be recovered for sale.
EXPERIMENTAL

Materials
Raw acid whey samples were obtained from a dairy processing company in Victoria, Australia. The acid whey was treated in a pilot plant at Dairy Innovation Australia Ltd (Werribee, Victoria Australia) using a centrifugal separator (GEA Westfalia Separator, Model SC 6-01-576) to remove the whey cream and most of the casein fines. This stream is referred to as the skimmed acid whey. Part of the skimmed acid whey was further filtered in the laboratory through a 10 kDa ultrafiltration membrane (Koch) so that the residual fat and protein are removed. This stream is referred to as the acid whey UF permeate sample. This standardises the acid whey samples and reduces the possibility of microorganism growth [16] and protein fouling in the electrodialysis stack [17, 18] . All acid whey samples were refrigerated at 2-4 °C. The skimmed acid whey samples were used within two weeks while the ultrafiltered permeate samples were used within four weeks.
The composition of acid whey was found to be consistent with that reported in the literature, as shown in Table 1 . Fats were expected to be removed completely by the ultrafiltration process. Protein was also not detected in the ultrafiltration permeate. The concentrations of lactose and lactate ions decreased slightly after ultrafiltration, while all other ions passed through the membrane. In a typical dairy processing facility, ultrafiltration is employed after the whey cream is separated from the raw whey by a centrifugal separator, in order to recover the protein for the manufacture of whey protein concentrate and whey protein isolate, similar to the process applied here. The skimmed acid whey and the ultrafiltered acid whey samples were both used in this work, to understand the impact of the residual fats and protein on the performance of the electrodialysis unit.
Purified water (13.2 MΩ-cm, Millipore) was used for preparing all solutions used in this work.
Model solutions, described as LA + LT+NaCl, were prepared by mixing lactic acid (85%, Ajax Finechem) with lactose (≥99.8%, Ajax Finechem) to mimic the concentration of lactate ions and lactose in acid whey. In addition, sodium chloride (NaCl, >99.5%, Merck) was added to mimic the conductivity of acid whey (i.e. 7.8 mS/cm). The pH of these artificial solutions was also adjusted to 4.6 or 6 using an appropriate amount of 10 M NaOH. The composition and general characteristics of the model artificial solution are also shown in Table 1 . Solutions of sodium sulphate (Na 2 SO 4 Ajax Finechem) (20 g/L) and NaCl (5.5 g/L) were prepared as the electrode rinse solutions and the concentrate solutions respectively.
The cation exchange membranes (Neosepta CMB) and anion exchange membranes (Neosepta AHA) were purchased from Astom (Japan). These membranes were selected because of their wide pH tolerance and temperature stability ( Table 2 ). The relatively high electrical resistance means that the energy consumption and separation performance can be assessed in a conservative manner. All membranes were preconditioned by soaking the membranes in a 3 wt% NaCl solution overnight to allow for membrane hydration and expansion. (e) Adjusted using 10M NaOH. 
Electrodialysis
The electrodialysis experiments were conducted using an FT-ED-40 module manufactured by FuMA-Tech GmbH (Germany). The ED module consists of two titanium-iridium plasma coated stainless steel electrodes. The module was set with two pairs of cation and anion exchange membranes with alternating diluate and concentrate spacers. In order to prevent migration of anions to the electrode compartment, a third cation exchange membrane was employed at the cathode [26] . The effective area per ion exchange membrane is 36 cm 2 . The The power consumption was determined as the product of the applied voltage and the measured current. The degree of demineralisation was estimated based on the total removal of cations and anions. The current efficiency was estimated using the following equation:
where , and , are the initial and final volumes of the diluate solution respectively, , , and , , the initial and final concentration of ion in the diluate tank, the valence of the ion , the Faraday constant (96,485 C/mole), the number of cell pairs, the current and the time [9] . The current efficiencies for the artificial solutions were calculated based on the concentration of anions (i.e. lactate and chloride), whereas cation concentrations (sodium, potassium, calcium, magnesium) were used for the acid whey samples, as these contained some anions whose concentrations could not be readily determined, such as phosphate.
Sample Analysis
Total solids and total ash contents were determined as per Australian Diluate samples of the skimmed and ultrafiltered acid whey after electrodialysis were freeze-dried using a freeze drier for 3 days. The glass transition temperature of the resulting dried powder was measured using Differential Scanning Calorimetry (DSC 8500, PerkinElmer).
RESULTS AND DISCUSSION
Transfer of lactate ions
The removal of lactate ions from solution as a function of time is shown in Figure 1 . In general, the lactate ions are removed faster at higher temperatures, as the resistance of the membrane [32] and the solution is lower [33] . The solution viscosity is also lower at a higher temperature (1.52 cP at 10°C vs 0.68 cP at 45°C for a 4.93% lactose solution [34] ), aiding lactate removal. For the artificial solutions at 5 °C, the initial rate of lactate ion removal in the first 60 minutes is slower than that in the last 120 minutes. This is because chloride ions are removed preferentially to lactate ions via the anion exchange membranes (Figure 2 ).
After most of the chloride ions are transferred, the electrical energy is utilized predominately to remove lactate ions. This phenomenon is not apparent at higher temperatures, as it only takes about 60 minutes for most of the chloride ions to be removed at 45°C, but 180 minutes is required at 5°C. The impact of pH on the transfer rate of the lactate ions was only observed at 5°C. Due to the higher degree of dissociation of lactic acid at higher pH (75% and 99% dissociation at pH 4.6 and 6 respectively, estimated using Equation 2), the rate of lactate ion transfer is slightly higher at pH 6 than that at pH 4.6. This effect is diminished with increasing temperature, for both of the artificial solutions and the acid whey samples. This is because the rate of ion transfer is much faster and the degree of lactic acid dissociation is also greater at higher temperatures. Using Equation 2 , it is estimated that 86% and 90% of lactic acid is dissociated at pH 4.6 at 30°C and 45°C, respectively. to current utilisation. Therefore, the actual concentration of total anions in acid whey is greater than that in the simple monovalent artificial solutions (Table 1 ). The specific removal of individual anions after 180 minutes, based on solution analysis, is shown in [35] . After the chloride ions are mostly removed from the artificial solution at 45°C, all the available current is used to migrate the lactate ions, hence achieving a complete removal of lactic acid within 180 minutes. In contrast, the lactate ions in the acid whey must compete against citrate and phosphate ions after most of the chloride ions are removed. This is the reason why the lactic acid removal is lower for the real acid whey than for the artificial solutions. For the skimmed acid whey samples, the percentage of removal is smaller than that in the ultrafiltered acid whey, possibly due to an increase in the boundary layer thickness caused by the presence of fat and protein fouling the membrane (see Table   1 ) [10] . For the same reason, the current densities were observed to be 17%-30% higher for the ultrafiltered acid whey samples, compared to that for the skimmed acid whey samples. The current efficiency indicates the proportion of the electrical current that is being usefully used to move ions. The values calculated here increase slightly with temperature reflecting increasing solution conductivity, from ~80% at 5°C to ~90% at 45°C (Figure 3 ). No apparent difference is observed, however, within experimental error, between the two pH values and the two types of solutions. Overall, the current efficiencies indicate good electrodialysis performance under the conditions tested here. 
Demineralisation and Energy Consumption
The ultrafiltered acid whey at its natural pH (pH 4.3) was demineralized further at 45°C, to provide a lactate/lactose ratio comparable to sweet whey (0.01-0.04 g LA/g LT). During this process, the conductivity of the diluate solution and the ratio of LA/LT decreased while the degree of demineralization increased (Figure 4a ). Removal of 80% of the lactate ions corresponded to removal of about 90% of the total mineral content. As shown in Figure 4b , the power consumption and the specific energy required to remove one unit of lactate ion decreased with decreasing conductivity due to the depletion of competing ions in the solution. The pH declines by half a unit within the first 200 minutes, a phenomenon which was also observed by others during whey demineralisation using electrodialysis [10, 36] .
This could be caused by further dissociation of lactic acid due to the removal of lactate ions, 15 which shifts the equilibrium shown in Equation 1. In addition, some water splitting may have occurred. However, the stable pH recorded at lower conductivity values and the high current efficiencies at 45 o C suggest that this is only a minor phenomenon. A lower voltage could be used to reduce this effect but this change would be at the cost of a much larger membrane area in a continuous operation.
The crossover of lactose from the diluate to the concentrate compartments is very low at ~5 mg/m 2 s, meaning that almost all of the lactose can be effectively retained for conversion into value-added products downstream. The removal of individual anions and cations as a function of time is presented in Figure 5 .
The removal of potassium (K + ) and sodium (Na + ) ions is faster than the removal of calcium (Ca 2+ ) and magnesium (Mg 2+ ), possibly due to the greater mobility, the lower ionic radius [10, 37, 38] and the greater electrical conductivity [38] of these monovalent ions. Similar trends have been observed by others in skimmed milk and whey demineralization [10, 39, 40] and in reverse osmosis concentrate reclamation [41] using similar strongly acidic cation exchange membranes including SC-1 (Stantech, Inc.), CMS-1 (Neosepta) and PC-SK (PCA -Polymerchemie Altmeier GmbH, Heusweiler, Germany). The rate of removal of the anions follows the order presented in Table 3 .
The level of demineralization for all samples is presented in Figure 6 , as a function of the percentage of lactate ion removal from the diluate stream. Although each data point represents a different time point in the batch experiments, a clear trend is observed. This implies that while the membrane area will be largest for removal of a certain percentage of lactate ions from a skimmed whey solution at low temperature, the overall level of demineralization will be the same. Similarly, the energy consumption per kilogram of lactic acid removed is essentially independent of the solution composition ( Figure 7 ). More energy is required to remove the first 40% of the lactic acid, because during this period, energy is also consumed to remove chloride and other anions (Figures 2 and 5 ). Once these anions are depleted from the diluate, the specific energy consumption plateaus to a value of 3 kWh per kg of lactic acid. The energy consumption per kg of whey processed for an initial lactate concentration of 5.1 g/L is comparable, if a little higher than values reported in the literature for sweet whey (Figure 8 ). This is expected as sweet whey and acid whey are very similar in composition.
Moreover, the ion exchange membranes used in this work are relatively high in mechanical strength, which imposes a higher electrical resistance (Table 2) on the system, leading to a higher energy consumption. The energy consumption may also be over-estimated due to the fact that the electrodialysis unit is small and was operated in batch mode. 
Glass transition temperature
The glass transition temperatures of the acid whey samples (both skimmed and ultrafiltered) after electrodialysis to remove lactate ions are presented in Figure 9 . In general, as the ratio of lactic acid to lactose decreases, the glass transition temperature of the powder increases. After removing 80% of the lactate ions from the ultrafiltered acid whey, the glass transition temperature of the freeze-dried powder increases from ~80°C to ~95°C. The magnitude of increase is similar for the skimmed acid whey powder, with the glass transition temperatures being ~15°C lower. The change in glass transition temperature is comparable to that reported by Saffari and Langrish [7] and Shrestha et al. [2] , where laboratory solutions of lactic acid, lactose and whey protein isolate were processed in a small scale spray drier. The present results generally provide higher glass transition temperatures for the ultrafiltered acid whey permeate, which may reflect the lower protein concentration in this sample. The most significant result, however, is the clear evidence that removal of lactate increases the glass transition temperature. This physical change should reduce stickiness issues previously observed in the spray drying operation of acid whey, allowing effective recovery of these solutions. 
CONCLUSIONS
Electrodialysis was operated in batch mode to remove the lactate ions from acid whey at three temperatures and two solution pH, typical of the operating conditions in dairy streams.
For both the artificial solutions and the acid whey samples, the lactate ions were removed at a slower rate compared to other anions present in acid whey, but the removal of these ions was more efficient at higher operating temperatures. The rate of removal was also improved slightly by increasing the pH from 4.6 to 6 at 5°C. A change in temperature from 30°C to 45°C also aided acid whey recovery. When 80% of the lactate ions were removed to achieve the similar ratio of lactic acid to lactose as found in sweet whey, 90% of the 23 minerals were simultaneously removed. It was found that ~0.014 kWh is required to process 1 kg of acid whey and achieve 90% demineralization. The use of ultrafiltration was found to assist demineralization and the use of nanofiltration upstream to reduce chloride levels [11] could possibly further reduce this energy consumption significantly, as the electrodialysis operation would then be more focused on lactate removal. Due to the effective removal of lactate ions, this study illustrates that acid whey could be processed by electrodialysis to make whey powder with 90% demineralization (D90), a valuable ingredient for manufacturing infant formulas, in the same way as sweet whey via conventional spray drying operations.
